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Magnetic reconnection is clearly at work in the solar corona reorganizing and simplifying the magnetic field. It
has also been hypothesized that this reorganization process somehow supplies the energy heating the corona. We
propose a quantitativemodel relating the topological role (simplification) and the energetic role (heating) ofmagnetic
reconnection. This model is used to analyze multi-wavelength observations of an X-ray bright point. In the model,
motion of photospheric sources drives reconnection of coronal flux. If reconnection occurs only sporadically then
energy is stored in the coronal field, and released by topological reconnection. We simulate the dynamical response
of the plasma to such an energy release, and translate this into predicted observational signatures. The resulting
predictions are difficult to reconcile with the observations. This suggests that while reconnection is important in the
corona, energy dissipation is governed by other factors, not all of which relate to the topology of the field.
1. Reconnection in Two Dimensions—a Concep-
tual Framework
Until recently, the majority of theoretical work on mag-
netic reconnection has been based on two-dimensional mod-
els. Some two-dimensional models have shown slow re-
connection rates, most notably the scaling of Sweet and
Parker (Sweet, 1958; Parker, 1957); while other models have
demonstrated reconnection at the maximum rate allowable
by the magnetic field (Petschek, 1964; Sonnerup, 1970; Has-
sam, 1992; Craig and McClymont, 1993), a situation known
as fast reconnection. These conflicting results can largely be
attributed to different versions of Ohm’s law in the models.
Fully non-linear solutions using a uniform resistivity typ-
ically exhibit slow reconnection occurring at an elongated
current layer (Biskamp, 1986). Non-uniform (anomalous)
resistivity (Ugai and Tsuda, 1977; Scholer and Roth, 1987)
or non-resistive terms in Ohm’s law (Biskamp et al., 1997;
Shay et al., 1998), can lead to fast reconnection occurring at
a compact X-point.
In spite of their differences, most two-dimensional recon-
nection models can be understood in terms of a common
global picture whose key landmarks are indicated in Fig. 1
(Craig, 1994). The common starting point is an equilib-
rium magnetic field containing an X-point, where both pla-
nar components of the field vanish (Dungey, 1958; Chapman
andKendall, 1963). Among itsmany defining characteristics
the X-point lies at the interface of four topologically distinct
domains of flux. The domains are identified by the positive
and negative boundary regions they connect: P1–N1 etc.
In the sense that reconnection changes the topology of field
lines it must occur at the X-point, where all four topologies
meet.
Reconnection will result when this equilibrium is per-
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turbed in some way. Here we consider a perturbation driven
from a distant boundary, away from the X-point itself. In
cases of slow reconnection, or no reconnection at all, the
flux in each of the four topological domains must remain
fixed. The new magnetic equilibrium accessible under this
constraint contains a current sheet at the location of the X-
point (Green, 1965; Syrovatskii, 1971); this is equilibrium
Y .
Changing the flux in any domain requires an electric field
in the ignorable direction. The common feature of all recon-
nection models is that such an electric field occurs even at
the X-point where the ignorable component of v × B van-
ishes. With the possibility of topological change, the field
can assume its state of absolute minimum energy (subject to
boundary conditions): state X ′. In certain models of purely
fast reconnection, known as X-point collapse models, the
field proceeds directly from the perturbed state X∗ → X ′,
bypassing Y (Craig, 1994). Fast reconnection of the type
we will consider, however, transfers flux through an exist-
ing current sheet (Ugai and Tsuda, 1977; Scholer and Roth,
1987; Heyn and Semenov, 1996), making possible the rapid
transition Y → X ′.
At the most fundamental level, the perturbation changes
the external boundary conditions to make X ′ the minimum
energy state. Since it does this without re-allocating domain
fluxes, state X ′ is topologically inaccessible, and equilibrium
Y is the lowest accessible state. The energy difference

EY = EY − EX ′ , (1)
can be attributed to field topology alone (Craig, 1994).
The difference in domain fluxes,
ψ , is the single relevant
characteristic of the perturbation. The length
 of the current
sheet and the energy different 
EY are functions of 
ψ
alone (Craig, 1994). To accomplish the Y → X ′ transition
magnetic reconnection must transfer a total flux 
ψ from
domains P1–N2 and P2–N1 into domains P1–N1 and P2–
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Fig. 1. The unifying framework for two-dimensional models of magnetic
reconnection. From an initial equilibrium the field is perturbed into state
X∗. The lowest-energy (ideally) accessible state from X∗ is state Y . The
lowest-energy state, ignoring topological constraints, is X ′.
N2. The post-reconnection regions, shown shaded in Fig. 1,
are the natural sites for energy 
EY to be deposited.
2. Extending to Three Dimensions
The global scenario above has a direct three-dimensional
analog (Sweet, 1958; Baum and Bratenahl, 1980; Greene,
1988; Lau and Finn, 1990; Longcope and Cowley, 1996).
Consider a conducting boundary (the photosphere) at z = 0,
with four sources of flux, labeled P1, N1, P2 and N2 as
shown in Fig. 2. The coronal field consists of four topolog-
ically distinct domains P1–N1 etc., exactly as in the two-
dimensional example. A vertical plane M dividing positive
from negative sources intersects the four domains in a pat-
tern similar to that in two-dimensions. At the center of this
pattern the plane intersects a field line called the separator.
This single field line is the topological analog of the X-point
of two-dimensions. Equilibrium Y , which minimizes mag-
netic energy subject to a constraint on all domain fluxes, will
contain a singular current at the separator (Longcope, 1996;
Longcope and Cowley, 1996). The most significant char-
acteristic of equilibrium Y is that domain P1–N1 contains
magnetic flux different from a potential field by 
	.
3. An Example: Two Interacting Poles
X-ray bright points (XBPs) provide one of the simplest ob-
servational signatures of magnetic reconnection in the solar
corona. An XBP is formed when two photospheric sources
of opposite polarity approach closely enough to undergo re-
connection (Golub et al., 1977; Webb et al., 1993; Harvey
et al., 1994; Kankelborg et al., 1996). Prior to their interac-
tion, flux from each pole, P1 and N1, is connected to other
sources. Modeling the other sources, e.g. P2 and N2 in
Fig. 2, as a uniform horizontal background magnetic field
B0, the flux from each pole is encompassed by a separa-
trix surface (see Fig. 3). When the separatrix surfaces do
not intersect (Fig. 3(a)) there are three flux domains: one in-
Fig. 2. Three-dimensional analog of Fig. 1. A few field lines from each
domain are shown. The domains intersect plane M in an X-point pattern.
Fig. 3. Reconnection between a pair of opposing sources. (a) Separatrices
enclosing the two flux domains prior to interaction. (b) Interaction be-
tween the two sources, indicated by an intersection of the separatrices.
(c) The separator and a few of the post-reconnection field lines in domain
P1–N1. External sources, e.g. P2 and N2 lie outside the figure.
side each separatrix and a single background domain outside.
Once the sources approach to within the interaction distance
∼ D = √	/B0 (Longcope, 1998) the two separatrix sur-
faces intersect along the separator. In the interacting case
there is one new domain, P1–N1, consisting of field lines
which connect the two sources. This new domain is properly
termed the bipole.
Progressing from Fig. 3(a) with three flux domains to
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Fig. 3(b) with four domains requires topological reconnec-
tion. Flux from domains P1–N2 and P2–N1, must be topo-
logically changed to form additional background flux (P2–
N2) and new bipole flux (P1–N1). The reconnection must
occur at the separator, where all four domains meet (Lau
and Finn, 1990; Longcope, 1996). The newly forged (post-
reconnection) field lines will lie inside domain P1–N1, very
near the separator.
In quiet Sun regions, XBPs are visible in soft X-rays or
EUV emission as small (60 Mm) isolated features, often
single loops (Golub et al., 1974). According to some the-
ories, energy radiated is supplied to the XBP by magnetic
reconnection (Priest et al., 1994; Longcope, 1998). In terms
of the framework described above, this means that the pro-
cess of flux transfer into domain P1–N1 must be supplying
energy to the coronal plasma. We adopt here the model that
the energy released by reconnection is the topological en-
ergy 
EY . We also assume that the energy is dissipated in
the post-reconnection flux at a rate comparable to the rate of
flux transfer (i.e. on times comparable to the Alfve´n transit
time).
4. Modeling an Observation
The TRACE spacecraft made multi-wavelength observa-
tions of a quiet Sun region on June 17, 1998, in which the
evolution of a single XBP, located very near disk center, is
particularly well documented. Synoptic SOI/MDI full-disk
magnetograms, made every 96 min, show the XBP to be as-
sociated with magnetic poles called P01 and N01. These ob-
servations and related analysis are described by Kankelborg
and Longcope (1999) in extensive detail; we present here a
brief summary of that work, focusing on reconnection ener-
getics.
According to the 9:36 SOI/MDI observation (see Fig. 4),
the poles are separated by d = 11.3 Mm (in the tangent
plane) and are converging steadily at d˙ = 218 m/sec. At the
same time each pole has a magnetic flux of approximately
1.1 × 1019 Mx, which is decreasing steadily at a rate of
approximately 	˙1 = 3.5 × 1014 Mx/sec, presumably by
subduction.
To investigate the effects of this convergence and cancella-
tion upon the corona, we use a simplified model of the mag-
neticfield. In the photosphericfield model, point sources rep-
resenting poles P01 and N01 steadily approach each other
and their fluxes steadily decrease, while the “spectator poles”
(all poles other than P01 and N01) remain at positions and
fluxes from the 9:36 observation. A uniform horizontal back-
ground field, B0 = 10 G directed 65◦ North of West, is added
to reproduce the general context shown in the TRACE image
(Kankelborg and Longcope, 1999).
In a potential field based on the above photospheric model,
flux will be reconnected into the P01–N01 domain at a rate
of 	˙ = 1.6 × 1014 Mx/sec. This is equivalent to a 1.6
Megavolt loop-voltage along the separator field line. A con-
ducting corona will not permit such an electric field, so the
flux discrepancy 
	 increases with time.
Unreconnected flux 
	 = 	˙
t will accumulate during
a delay 
t in magnetic reconnection. The minimum energy
state for the unreconnected field, state Y , will contain a cur-
rent I = 
	/L along the separator, where L  108 emu is
Fig. 4. Evolution of the magnetic sources observed by SOI/MDI. (a) A
portion of the full-disk magnetogram showing flux sources including the
bipole P01 and N01. The motion of P01 and N01 during the time of
the TRACE observation.
the self-inductance of the 25 Mm long separator (Longcope,
1996)
From a strictly topological standpoint, any process which
transfers flux 
	 into domain P01–N01 will permit access
to potential state, equilibrium X ′. The flux transfer thereby
drops the configuration’s minimum energy by






t is the time over which reconnection is inactive.
Delaying reconnection for 
t = 20 minutes will produce a
flux-deficit 
	 = 1.8 × 1017 Mx, and store 
EY = 1.6 ×
1026 ergs in the equilibrium magnetic field.
We assume that energy 
EY is released by a fast reconnec-
tion process, into the volume of plasma occupying the same
1.8×1017 which is transferred across the separator. This flux
is a tube located in domain P01–N01 just below the sepa-
rator. Viewed from the same angle, the flux tube (Fig. 5(b))
is geometrically similar to the XBP observed by TRACE
(Fig. 5(a)). We model the energy release as a steady plasma
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Fig. 5. Observations and model of an XBP. (a) The background-subtracted
emission from TRACE 171 A˚ channel during a period of intense XBP ac-
tivity. (b) The outline of a post-reconnectionflux tube of
	 = 1.8×1017
Mx immediately below the separator. Dashed lines show the base of the
separatrices enclosing the entirety of domain P01–N01. (c) Plasma
emission from a gas dynamics simulation passed through TRACE 171 A˚
response.
heating with duration equal to ten Alfve´n transit times. We
calculate the dynamical response of the coronal plasma to
this heating, and from that find the image which would be
formed by each of the TRACE EUV channels (Fig. 5(c)).
A one-dimensional gas dynamic simulation (Kankelborg
and Longcope, 1999) is run using the geometry defined by the
Fig. 6. Global characteristics of the gas dynamic simulation of the
post-reconnection loop. (a) Tmax over the simulation. (b) The integrated
intensity observable in each of 3 TRACE pass-bands.
post-reconnection loop (namely the cross-sectional area A()
and the component of gravity parallel to the loop’s axis, lˆ ·g).
Time evolution of density, pressure and velocity are found
from the continuity equation, parallel momentum equation,
and energy equation including classical thermal conductivity
and radiative losses. At each footpoint is a dense, cool chro-
mosphere from which material naturally evaporates during
the heating phase.
The simulation isfirst run to establish an initial equilibrium
in the loop. A uniform “background” heating q0 = 7×10−4
erg cm−3 sec−1 (totaling 1.5 × 1022 ergs/sec) is applied and
the equations are solved until they achieve a steady state.
The steady state loop has Tmax = 800, 000 K, a total thermal
energy of Eth = 4 × 1024 ergs, and an Alfve´n transit time of
τA = 14.4 seconds.
At t = 0 the heating is increased to q = 5 × 10−2
erg cm−3 sec−1 for 144 seconds (10τA) to simulate recon-
nection, and then returned to q0. This deposits all 
EY =
1.6 × 1026 ergs of stored topological magnetic energy in a
period intended to represent fast magnetic reconnection. The
resulting temperatures and densities are used in conjunction
with plasma emission models and the TRACEfilter responses
to produce the synthetic light curves shown in Fig. 6. Finally,
lines of sight through the loop are used to synthesize an image
as shown in Fig. 5(c)). A circular cross-section has diminish-
ing line-of sight at its edge so the synthesized loop (Fig. 5(c))
appears narrower than the flux tube itself (Fig. 5(b)).
5. Comparison with Observation
The exercise above suggests the power heating an XBP
does not come solely from magnetic reconnection narrowly
defined. The most glaring inadequacy of the reconnection
hypothesis is that it cannot produce an extended region of
EUV emission similar to that observed by TRACE. Fig-
ure 5(a) shows the background-subtracted 171 A˚ emission
from a particularly active phase in the life of the XBP. This
active phase lasted from 9:45 to 10:30 (Kankelborg and Long-
cope, 1999), and appears to cover a larger area than the model
flux tube shown in Fig. 5(c).
The size discrepancy between observation and model
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Fig. 7. Contours of the background-subtracted image, Fig. 5(a). Solid
contours are 75%, 50% and 25% of maximum, dotted contour is 10%.
The axis of the model loop is shown at the center of a band 1.′′75 wide,
marked by boxes. The base of the separatrix is denoted by dotted curves.
arises from our assuming fast reconnection and rapid (i.e.
impulsive) energy release. The diameter of the model flux
tube, 1.3 Mm (1.′′75) is set by the flux 
	 = 1.8 × 1017
Mx and the field strength B  14 G along most of the sep-
arator. The flux is set, in turn, by the assumed delay pre-
ceding reconnection—for this we took the reasonable value

t = 20 min. Contours of the background-subtracted im-
age Fig. 7, show that the brightest emission (≥75% of max-
imum) is indeed confined to a band of width comparable to
the model. This lends support to our choice of 
t .
The 50% contours, on the other hand, trace a loop whose
diameter, ∼4′′, corresponds to 1018 Mx of post-reconnection
flux. This represents 1.75 hours of flux at the inferred supply
rate of 	˙ = 1.6 × 1014 Mx/sec. Choosing 
t = 1.75 hours
would produce a broader loop, however, with a substantial
dead-time (∼1.5 hours) between loop brightenings. The 8
hour observation showed little evidence for such dead-time
(Kankelborg and Longcope, 1999). In short, our synthetic
image Fig. 5(c) appears anemic simply because we assumed
that reconnection would dissipate its energy in times much
shorter than 1.75 hours (∼400τA).
It is possible that impulsively heated plasma would cover
a larger apparent area if it were mixed with cooler, non-
emitting plasma. There is observational evidence for this
kind of coronal filling factor in coronal loops (Porter and
Klimchuk, 1995; Cargill and Klimchuk, 1997). In a vari-
ant on the nanoflare model (Parker, 1988; Kopp and Poletto,
1993; Cargill, 1994) we perform the full flux transfer in n
smaller sub-transfers of 
	/n each. Each sub-loop is im-
pulsively heated at a slightly different time, after which it
undergoes evaporation, brightening and cooling according
the gas-dynamic simulation. The resulting light-curve is a
super-position of individual pulses like that in Fig. 6. De-
pending on resolution and the detailed timing of energy re-
leases, the synthetic image shows multiple distinct loops, or
one larger “compound loop” (see Fig. 8).
While the nanoflare model better resembles any given
TRACE image, it continues to suffer from the drawbacks
of the basic reconnection hypothesis. There are other points
for comparison which cannot be discussed in this brief re-
Fig. 8. A synthetic image from a nanoflare reconnection model (to enhance
details, the gray scale shows square-root of intensity). The same flux
from Fig. 5(c) is transferred in n = 10 pieces, at random intervals over
the course of 1200 sec.
view. For example, it is evident from the time history, Fig. 6,
that the impulsive heating drives the plasma temperature to
>3 MK. All of TRACE’s filters are sensitive to tempera-
tures lower than this, and thus see the bulk of the loop only
as it cools. This predicts that fluctuations in 171 A˚ should
lag those in 195 A˚ by ∼100 sec. The TRACE data show no
time lag at the time scale of radiative or conductive cooling,
but do show a much longer lag. Furthermore, the ratio of
average 171 A˚ to 195 A˚ emission is inconsistent with any
kind of superposition of cooling light-curves (Kankelborg
and Longcope, 1999).
6. Conclusion
Comparing our theoretical model to observations suggests
that magnetic reconnection is important for an XBP. Recall
that the very existence of an XBP demonstrates the existence
of topological reconnection (Harvey et al., 1994). EIT and
MDI observations indicate that P01 and N01 shared flux
with closer sources at 19:00 on June 16, 1998, but were prin-
cipally connected to one another by 7:00 on June 17. It is
also significant that enhanced emission (i.e. the dotted con-
tour at 10% of maximum) defines a region similar in size and
shape to the separatrix outlining the entirety of domain P01–
N01 (the dashed curves). This clearly suggests that XBP
emission originates from post-reconnection flux. Further-
more, the most brightly emitting plasma (i.e. the inner-most
solid contour at 75% of maximum) is closest to the separator,
where topological change has occurred most recently.
On the other hand, a model assuming energy dissipation
only at the moment of, and at the site of, topological re-
connection produces images different from observations in
significant respects. One simple explanation of the differ-
ence is that plasma heating appears to persist in the post-
reconnection flux tube long after the instant its topology is
changed. Many models of fast reconnection, particularly re-
sistive models (Craig, 1994), describe a single mechanism
performing both roles, flux transfer and energy dissipation.
Following this reasoning our model assumedflux transfer and
energy dissipation occurred at the same rate. If we instead
imagine that the topological energy described by Eq. (1) is
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converted to heat gradually for some time after the topologi-
cal reconnection event, then we can readily explain both the
continued radiation of field lines, long since reconnected,
and the overall surplus of emission in lines of relatively low
temperature (Fe IX and Fe XII).
In retrospect, there are several theoretical reasons to ex-
pect a gradual energy release following rapid flux transfer.
Merely passing flux through the separator does not make
it current-free; further reorganization and heating may con-
tinue within the reconnectedflux, in order to more completely
relax it. Also, the reconnection process will most likely dis-
turb the plasma, exciting MHD oscillations and/or turbulence
within the reconnected flux system. Gradual dissipation of
all forms of non-thermal energy would naturally result in
post-reconnection heating of the plasma.
Our conclusion echoes similar results concerning the heat-
ing of AR loops (Litwin and Rosner, 1993). In this case,
observed loop life-times in excess of radiative cooling times
suggest the presence of some persistent heating mechanism.
In our study of an XBP it would seem that while fast mag-
netic reconnection can explain the flux transfer process, it is
not responsible for dissipating energy in the plasma.
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